Confluent monolayers of MDCK (MadinDarby canine kidney) cells provide a widely used system to study the biogenesis of epithelial cell polarity. We now report that these cells are also capable of the vectorial constitutive secretion of a major endogenous product, a glycoprotein of 81 kDa, which is released into the medium from the apical surface within 30 min of its synthesis. This release represents a bona fide exocytotic secretory process and is not the result of proteolytic cleavage of a plasma membrane-associated precursor since, in cells treated with chloroquine, a protein indistinguishable from the mature secretory product accumulated intracellularly. In contrast to the vectorial secretion of the endogenous product, a variety of exogenous exocrine and endocrine proteins synthesized in MDCK cells transfected with the corresponding genes were secreted from both the apical and basolateral surfaces. These included proteins such as rat growth hormone, chicken oviduct lysozyme, bovine gastric prochymosin, and rat salivary gland a2.-globulin, which in their cells oforigin are secreted via a regulated pathway, as well as the liver form of the au2-globulin and the immunoglobulin c chain, which are normally released constitutively. These results demonstrate the existence of secretory pathways that lead to both surfaces of MDCK cells and are accessible to the foreign secretory products. They are consistent with the operation of a sorting mechanism in which the polarized secretion of the endogenous product is effected through the recognition of signals that prevent its random distribution within the fluid phase in the cellular endomembrane system. Secretory proteins and many plasma membrane proteins are synthesized in the rough endoplasmic reticulum and reach the cell surface through at least partially overlapping routes, which include the Golgi apparatus (see refs. 1 and 2). In polarized epithelial cells, plasma membrane proteins that are to be segregated in basolateral or apical domains are sorted intracellularly, during or soon after passage through the Golgi apparatus, and are delivered directly to one or the other aspect of the cell surface (3-5). In many epithelial cells protein secretion also takes place in a polarized fashion. For example, in acinar cells of exocrine glands, secretory products are first packaged into granules that, upon stimulation, release their content at the apical cell surface. Secretory proteins that are not packaged into granules and are secreted constitutively may also be released exclusively from one cell surface domain, as is the case with serum proteins that are secreted from hepatocytes into the perisinusoidal space (6) or with thyroglobulin, which in the thyroid follicle cells is discharged into the follicular lumen (7). The mechanism that accounts for polarized constitutive secretion is not understood, although, in principle, the sorting process that addresses secretory proteins to each aspect of the cell surface could involve the same vesicles that effect the polarized delivery of specific plasma membrane proteins. The operation of such a mechanism would entail a specific interaction between the secretory protein and the luminal domain of membrane polypeptides involved in sorting, which, during or after passage through the Golgi apparatus, could direct the secretory product to one or the other intracellular route.
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Cultures of the MDCK cell line (Madin-Darby canine kidney), infected with enveloped viruses (3) (4) (5) GBq) in RPMI medium lacking both unlabeled methionine and serum. At the end of the incubation, 1 ml of medium was clarified by centrifugation (5 min in an Eppendorf centrifuge) and the labeled secreted proteins were recovered by precipitation with 10% trichloroacetic acid in the presence of 100 ,ug of soybean trypsin inhibitor (Sigma), followed by centrifugation. The sediment was dissolved in electrophoresis sample buffer and analyzed by NaDodSO4/polyacrylamide gel electrophoresis (9). For two-dimensional electrophoretic analysis, acid-precipitated material from the medium was washed twice with diethyl ether and then dissolved in sample buffer (10) supplemented with 0.1 mM phenylmethylsulfonyl fluoride. The isoelectric focusing gels contained ampholytes at a final concentration of 2% (pH 3-5, 1%; pH 5-7, 0.5%; pH 3-10, 0.5%), and the proteins were focused at 300 V for 16 hr before electrophoresis in NaDodSO4 gels (9) . For 100 ,ul of MEM, and precipitated by the addition of 1.0 ml of acetone cooled to -20'C. After 1 hr on ice, the precipitate was collected and dried under reduced pressure before being dissolved in sample buffer containing phenylmethylsulfonyl fluoride and analyzed by two-dimensional electrophoresis (10) . (11) . After the glycerol shock, cultures were incubated overnight in growth medium containing 10 mM sodium butyrate (12) . The next morning, cells were treated with trypsin and plated onto the filters in the Lucite chambers. Two hours later the medium was changed and after 24 hr of incubation cells were labeled as described above. Labeled secreted proteins found in the apical and basolateral compartments were analyzed by immunoprecipitation with specific antibodies followed by NaDodSO4 gel electrophoresis and fluorography. Antibodies to lysozyme and prochymosin were previously described (13); those to rat growth hormone were kindly provided by H. Samuels and the ones to a2u-globulin by P. Feigelson. Antibodies to the K immunoglobulin light chain were purchased from Miles.
RESULTS
The endogenous secretory capacity of MDCK cells was assessed by electrophoretic analysis of trichloroacetic acid precipitates obtained from the media of cultures incubated with [35S]methionine for various periods oftime. It was found that after 1 hr of incubation the medium contained a major labeled protein which migrated as a broad band with a molecular mass of approximately 81 kDa (Fig. LA) . When cells were labeled in the presence of tunicamycin, the 81-kDa polypeptide was not produced and instead a major product with a molecular mass of 51 kDa was secreted (Fig. LA) . Thus, the major secretory product of MDCK cells appears to be a highly glycosylated protein, containing large amounts of asparagine-linked oligosaccharide chains. The complex nature of the oligosaccharide chains of the 81-kDa product was confirmed by the finding that after incubation with endo F, an enzyme that removes asparagine-linked oligosaccharides, its electrophoretic mobility was greatly reduced (not shown).
A pulse-chase experiment ( Fig. 1C) (10 ,ug/ml). The culture medium was removed at the times indicated after the beginning of the chase and analyzed as in A. labeled for 10 min and then incubated in a chase medium containing cycloheximide and chloroquine, to allow maximum intracellular maturation of secretory and membrane proteins while preventing their transfer to the cell surface (14) . It was found that chloroquine treatment greatly reduced secretion of the 81-kDa glycoprotein (not shown) and led to the concomitant intracellular accumulation of a polypeptide with the isoelectric point and electrophoretic mobility of the mature secretory glycoprotein (Fig. 2) . These results eliminate the possibility that the secretory form is shed from the cell surface by proteolysis of a plasma membrane precursor.
To determine if the 81-kDa protein was secreted in a polarized fashion from one or the other plasma membrane surfaces, confluent MDCK cell monolayers were first established on Millipore filters that had been placed in chambers where they separated two compartments containing culture medium. The integrity of the epithelial sheets within the chambers was monitored by measuring the electrical resistance across the monolayer (8) . It was found that the 81-kDa glycoprotein was secreted exclusively into the medium bathing the apical surface of the cells (Fig. 1B) .
Control experiments demonstrated that when the integrity of the monolayer was disrupted by wounding with a rubber policeman, or when the pore size of the filters was too large to allow establishment of a complete system of tight junctions, as judged from the low levels of electrical resistance, the 81-kDa protein traversed the filters and appeared in both Cell Biology: Gottlieb et al. compartments (not shown). These observations eliminated the possibility that the normal absence of the product from the basolateral compartment results from its selective adsorption onto the filters supporting the monolayers. Indeed, control experiments in which secreted labeled protein was applied to naked filters pretreated with high levels of serum (see Materials and Methods) showed that adsorption did not exceed 10-15% of the applied radioactivity.
The polarity with which various exogenous products were secreted from MDCK cells was examined in monolayers transfected with expression vectors containing the corresponding cDNAs. The cDNAs for rat growth hormone (obtained from J. Baxter), chicken oviduct lysozyme (13), the immunoglobulin K light chain (provided by I. Schechter), and two forms of rat a2u-globulin (gifts of P. Feigelson) were incorporated into pSV2 expression vectors (15) , in which the simian virus 40 early promoter controls transcription, whereas the cDNA coding for bovine prochymosin was incorporated into a similar vector that utilizes the herpes simplex virus thymidine kinase (TK) promoter (13) . The dramatic effect of sodium butyrate on the expression of cDNAs introduced into pSV2 vectors (12) is illustrated in Fig. 3 Control experiments were carried out to rule out the possibility that the appearance of the exogenous proteins in both compartments resulted from a redistribution, possibly by transcytosis (6, 16, 17) , of molecules that were originally secreted only on one surface. It was found that after 6 hr of incubation (Fig. 5) , only 4% of "25I-labeled lysozyme added to the basolateral compartment was transported across intact monolayers and appeared in the apical compartment. This restriction of passage across the monolayers required the integrity ofthe tightjunction network, since when EDTA was added to disrupt the junctions, lysozyme freely passed through the filter and cell layer, nearly reaching equilibration within 6 hr (Fig. 5) . These kinetics are in excellent agreement with those reported by other investigators (3), who measured Fig. 1 and analyzed by immunoprecipitation as in Fig. 2 . rGH, rat growth hormone; Lyso, chicken oviduct lysozyme; pchy, bovine gastric prochymosin, a2US and a2uL, rat salivary gland and serum a2u-globulins; K, K chain of mouse IgG. the rates of immunoglobulin diffusion across either intact or EGTA-disrupted MDCK cell monolayers. In light of these control experiments it can be concluded that the exogenous proteins studied were secreted directly from both surfaces of the MDCK cells.
DISCUSSION
The results presented in this paper provide evidence for the existence of two routes for the intracellular transport of secretory proteins to the cell surface of polarized MDCK cells. It was found that these cells secrete large amounts of a highly glycosylated glycoprotein, of 81 kDa, exclusively from the apical surface, whereas a variety of exogenous products synthesized after transfection with the corresponding genes were secreted efficiently from both surfaces of the monolayers. In light of the nonpolarized distribution of the exogenous proteins, the observation that the endogenous product is secreted only from the apical surface implies the existence of a mechanism for its exclusion from the basolateral route. A likely mechanism for preventing the entrance of the endogenous product into the fluid phase of vesicles destined to the basolateral surface would be an adsorptive one; that is, one relying on a specific interaction between the secretory protein and the luminal domain of a membrane receptor. The It has previously been shown that plasma membrane proteins and constitutively secreted serum proteins can be found within the same post-Golgi cytoplasmic vesicles (22) . This suggests that both types of proteins take the same route to reach the cell surface and therefore that incorporation of a protein into the plasma membrane may take place with the concurrent release of a secretory protein. In polarized cells, the asymmetric constitutive secretion of secretory proteins could therefore be accomplished by their incorporation into the same vesicles that carry specific membrane proteins to either cell surface. One would then expect that common features exist in the mechanisms that effect the sorting of these two classes of proteins, including the participation of common carrier proteins that recognize similar signals in both types of polypeptides.
Note Added in Proof. After this manuscript was submitted, a paper appeared by Kondor-Koch et aL. (24) presenting results similar to those described here. These authors observed the nonpolarized secretion of lysozyme in transfected MDCK cells and the apical secretion of an endogenous product. The latter, however, consisted of several polypeptides of molecular weight lower than that found in our work.
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